Introduction
Pulmonary function testing is used to evaluate respiratory mechanics and physiology in children and adults suspected of having respiratory disease. Spirometry is the most commonly used pulmonary function test and has the advantage of being readily available in both inpatient and outpatient settings. Diagnosis of COPD requires spirometry. Spirometry can be used to evaluate other obstructive pulmonary diseases, including asthma and restrictive pulmonary disease, such as interstitial lung disease (ILD). Unfortunately, spirometry can sometimes be difficult to perform in elderly and/or cognitively impaired patients and those with severe respiratory distress, because it requires maximum effort during forced expiratory maneuvers. 1 Therefore, there is a need for physiologically accurate and easily performed methods of assessment of pulmonary mechanics in these patient populations.
Because FOT does not require the forced expiratory maneuvers needed to generate spirometry data, it can be performed easily in pediatric patients 3, 4 and adults who are unable to perform spirometry. 2, 5 It has been reported that FOT measurements may be more sensitive than forced expiratory volume in 1 second (FEV 1 ) for measuring the effects of bronchodilator drugs in patients with COPD and asthma. [6] [7] [8] Further, FOT measurements have been used to assess abnormal function in the distal airway, even in the setting of normal spirometry. 9, 10 Finally, it has been reported that breath changes in reactance at 5 Hz (X5) might be associated with severity of ILD and physiologic abnormality. 11 Although several reports have analyzed the value of FOT in assessment of pulmonary disease, it remains unclear whether FOT measurements can predict specific spirometric indices, such as vital capacity (VC), forced VC (FVC), and FEV 1 . Previous reports have shown significant correlations between spirometric indices and FOT measurements in patients with asthma, 12 COPD, 13 and ILD. 11, 14 However, the correlation coefficients were relatively low, and each report included only a small number of patients.
The aim of the present study was to evaluate the relationship between FOT measurements and spirometry data in both healthy subjects and patients with various respiratory diseases. To this end, we generated regression equations for VC, FVC, and FEV 1 based on FOT measurements and used them to calculate estimated VC, FVC, and FEV 1 values. We then determined whether the estimated data reflected spirometric indices.
Patients and methods study population
The development data set consisted of 1,708 consecutive patients who simultaneously underwent FOT measurements and spirometry at Ehime University Hospital between January 1, 2010 and December 31, 2015. The validation data set consisted of 1,287 subjects who simultaneously underwent FOT measurements and spirometry at Sumitomo Besshi Hospital between April 1, 2013 and March 31, 2016. FOT measurements had been performed routinely to some degree in patients who visited the respiratory division of each of the participating institutions.
Subjects were excluded if they were unable to perform spirometry at the time of the FOT measurements, if they were aged younger than 17 years, or if they were not Japanese. Subjects whose spirometry performance did not meet American Thoracic Society (ATS)/European Respiratory Society (ERS) spirometry criteria 15 were also excluded. The study protocol was approved by the ethical committees of Ehime University Hospital and Sumitomo Besshi Hospital. The need for patient consent was waived, in view of the retrospective nature of the study. Our manuscript data was deidentified, and did not require patient consent to review.
Forced oscillometry
Respiratory impedance was measured using a commercially available multifrequency FOT device (MostGraph-01; Chest MI, Tokyo, Japan) as previously reported [12] [13] [14] and following standard recommendations. 16, 17 Briefly, oscillatory signals generated by a loudspeaker at 0.25-second intervals were applied to the respiratory system through a mouthpiece during tidal breathing at rest. Mouth pressure and flow signals were measured, and the values of resistance and reactance to the oscillatory frequency were obtained. During the procedure, the subjects used a nose clip with the cheeks firmly supported while sitting with the neck in a comfortable, neutral posture. We measured resistance at 5 Hz (R5), resistance at 20 Hz (R20), X5, and resonant frequency (Fres) where the reactance crossed zero and the elastic and inertial forces were equal in magnitude and opposite in direction. The low-frequency reactance area (ALX), which is the integral of reactance from R5 to Fres, was also measured. Each oscillatory index was expressed in the whole-breath, inspiratory, and expiratory phases. The oscillatory index in the whole-breath phase was used. FOT was performed prior to spirometry.
spirometry Spirometry was performed according to the method described in the ATS/ERS guidelines. 15 Pulmonary function indices, including VC, FVC, and FEV 1 , were measured by spirometry. The indices were calculated as percentages of predicted normal values. Predicted normal values for VC, FVC, and FEV 1 were calculated using the equation devised by the Japanese Respiratory Society, as previously reported. 18 
Definition
All patients with ILD were diagnosed in accordance with the clinical criteria established by the current ATS/ERS guidelines.
19 Diagnoses of asthma were based on clinical history and historical evidence of reversible airway obstruction. COPD and chronic bronchitis were diagnosed according to Global Initiative for Obstructive Lung Disease criteria. 20 Acute bronchitis was diagnosed based on a previously reported definition. 21 Diagnosis of sarcoidosis was based 
In this analysis, we generated equations for VC, FVC, and FEV 1 including all predictive variables uniformly (equation 1 for all anthropometric variables and equation 2 for all anthropometric variables and FOT indices), whether these variables were statistically significant predictors or not.
Validation study
Using a separate validation data set (obtained from Sumitomo Besshi Hospital), we sought correlations between spirometry and MostGraph-01 data. In addition, the equations derived from the development study were evaluated by determining the correlation coefficients between the actual and estimated data.
statistical analysis
Results are reported as mean ± SD. Correlations between variables were determined using Pearson's correlation coefficient. Correlation statistics were interpreted as slight (,0.2), fair (0.2-0.4), moderate (0.4-0.6), substantial (0.6-0.8), or almost perfect (.0.8) agreement. 23 Multivariate linear regression analysis was used to identify parameters predictive of VC, FVC, and FEV 1 , with age, sex, height, body weight, R5, R20, X5, Fres, and ALX included as independent variables. The bias of the equations was expressed as the mean difference between the estimated data and the actual data (estimated data -actual data). The root-mean-squareerror (RMSE) was calculated as the square root of (sum of squared errors of the estimate/n). The agreement between the equations was evaluated by Bland-Altman plots using 95% limits of agreement (LOA), which were calculated as average difference ± two SDs. The 95% CIs were computed for all variables. All tests were two-tailed, and a P-value ,0.05 was considered to be statistically significant. Statistical analysis was performed using SPSS version 22 for Windows (IBM, Armonk, NY, Japan).
Results

Clinical characteristics of patients in the development study
Of the 1,708 subjects identified, 1,608 underwent spirometry at the same time as MostGraph-01 examination. a total of 502 subjects with suboptimal spirometry data, 13 aged younger than 17 years, and four who were not Japanese were excluded, leaving data from 1,089 subjects (615 male, 474 female) for inclusion in the final analysis ( Figure 1 ). The characteristics of the study subjects are presented in Table 1 . The majority of patients in the development study had malignant lung tumors, asthma, COPD, or ILD.
Correlations between spirometry and Mostgraph-01 data in the development study Statistically significant correlations were observed between most spirometry and MostGraph-01 parameters ( (Tables 3-5 ). Based on these results, we generated regression equations, and calculated the estimated VC, FVC, and FEV 1 :
Equation 1 Estimated VC = -4.003 -age × 0.020 + sex × 0.382 + height × 0.047 + weight × 0.004
Estimated VC = -0.011 -age × 0.015 + sex × 0.539
Correlations between actual and estimated VC, FVC, and FeV 1
We observed statistically significant correlations between actual and estimated VC, FVC, and FEV 1 in the analyses using equations 1 and 2 (all P,0.001; Figure 2A -F; Table 6 
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Validation study
Based on the development-study results, we evaluated the validity of equation 2 in the validation study. After exclusion of subjects with suboptimal spirometry data, the validation study comprised 552 subjects (330 male, 222 female; Figure 1 ). The characteristics of these patients are shown in Table 1 . There were statistically significant correlations between all spirometry and MostGraph-01 parameters ( Figure 2G -I, Table 6 
Discussion
This study evaluated the hypothesis that FOT measurements correlate significantly with spirometry data. We used FOT 12 In addition, significant correlations have been found between breath changes in X5 and %FVC, %FEV 1 , and FEV 1 /FVC in patients with COPD. 13 In patients with ILD, it has been reported that X5, Fres, and ALX correlate with %FVC and %FEV 1 .
14 Sugiyama et al also reported a significant inverse correlation between breath changes in X5 and %VC. 11 However, correlation coefficients in these previous reports showed only fair-moderate agreement. Shirai and Kurosawa reported that FOT is not a surrogate test for spirometry, because the tests are not identical. 16 Consistently with previous reports, the present study demonstrated that most FOT indices are significantly correlated with spirometric indices, but the correlation is only fair-moderate. Therefore, other parameters that reflect spirometry more accurately are required.
In order to solve this problem, we generated regression equations to estimate VC, FVC, and FEV 1 based on FOT measurements. First, we compared the accuracy of an equation built on anthropometric values and FOT indices (equation 2) with that of an equation using anthropometric values alone (equation 1). Estimated VC, FVC, and FEV 1 
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Prediction of spirometric indices using FOT parameters derived from equations 1 and 2 correlated significantly with actual VC, FVC, and FEV 1 . However, correlation coefficients for VC, FVC, and FEV 1 using equation 2 were higher than those using equation 1. Estimated VC, FVC, and FEV 1 using equation 2 had lower RMSE than values obtained using equation 1. Bland-Altman plots showed that 95% LOAs for equation 2 were less broad than those of equation 1. These results suggest that adding the FOT indices as independent variables increased the ability of an equation to estimate VC, FVC, and FEV 1 . Next, we assessed the accuracy of equations derived from the development study in a separate data set. Estimated VC, FVC, and FEV 1 correlated significantly with actual VC, FVC, and FEV 1 , and the correlation coefficients for each parameter demonstrated almost perfect agreement in the validation study. However, as shown in Table 6 and Figure 3 , mean differences 
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Yamamoto et al between the estimated data and actual data in the validation study were not small. The regression equations in the present study may be incomplete. However, spirometry is sometimes difficult to perform in elderly patients, those with cognitive impairment, and those with severe respiratory distress. 1 A previous report that evaluated the quality of spirometry in subjects aged 65 years or older showed that spirometry was performed correctly by only 415 of 1,242 patients (33.4%). 24 The method used to assess pulmonary function in our study may be a useful approach in such patients.
Limitations
There are several limitations to this study. First, the development and validation studies were retrospective in nature.
Second, no children were evaluated. Third, we used the MostGraph-01, but not the MasterScreen IOS-J (CareFusion, San Diego, CA, USA) to measure respiratory impedance. It has been reported that these devices do not necessarily generate identical impedance values, and differences between the devices should be taken into consideration when evaluating clinical data. 25 Fourth, this study included only Japanese subjects. Further studies are needed to evaluate whether our findings can be extrapolated to other populations. Fifth, our analysis used the oscillatory index in the whole-breath phase, but not the inspiratory or expiratory phases, even though it has been reported that breath changes in FOT data may be useful in assessing respiratory diseases. 11, 13, 26 Sixth, we used raw FOT values in subjects of various ages. This is because 
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Prediction of spirometric indices using FOT parameters definitive predictive equations have not yet been established. Reference values for MostGraph-01 measurements in middle-aged and elderly Japanese individuals have now been published. 27 However, in that study, 44.8% of the population had abnormal spirometric findings, and it was unclear how many subjects had abnormal chest-radiography findings. Therefore, it is uncertain if the findings of that study can be used as reference values for MostGraph-01 measurements. Seventh, in the present study, we evaluated whether it is possible to generate regression equations for spirometry data based on FOT measurements in both healthy subjects and patients with various respiratory diseases. However, the estimated data in the validation study still did not demonstrate high accuracy. The present analyses including the healthy subjects and patients with various respiratory diseases might be one of the reasons the estimated data were less accurate. If we had generated regression equations for spirometric indices for each respiratory disease, estimated data might have been more accurate.
Conclusion
Our findings suggest that while there is a significant correlation between estimated spirometry values derived from FOT measurements and actual values, estimated values are still not identical to actual values. Further studies are needed to generate more accurate regression equations for spirometric indices based on FOT measurements.
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